Multi-phase motors have attracted increasing attention in fields seeking high reliability, such as electric vehicles, ships, and rail transit, as they exhibit advantages, such as high reliability and fault tolerance. In this study, we consider a 12-phase permanent magnet synchronous motor (PMSM). First, a mathematical model of the 12-phase PMSM in the static coordinate system is established and the model is simplified according to the constraint condition of neutral point isolation. Second, according to the principle of invariant magnetomotive force under normal and fault conditions, two optimal control strategies of winding current, i.e. maximum torque output (MTO) and minimum copper consumption (MCC), are proposed. For a single-phase open-circuit fault, two optimization methods are used to reconstruct the residual phase current, such that the motor can maintain normal torque output and exhibit lower torque ripple under the fault state. Finally, system simulation and experimental research are conducted; the results verify the accuracy and feasibility of the fault-tolerant control strategy of the 12-phase PMSM proposed in this paper.
Introduction
With the development and universal application of microcomputers, fault-tolerant technology has developed rapidly in multiprocessor systems, flying hoc networks, cloud computing, wireless sensor networks and so on [1] [2] [3] [4] . In recent years, fault-tolerant technology has also received extensive attention in the field of multi-phase motor control. Owing to its remarkable high power density, high efficiency, and strong fault-tolerant ability, the multi-phase permanent magnet synchronous motor (PMSM) has attracted wide attention in high reliability fields, such as electric vehicles, ships, and rail transit [5] [6] [7] [8] [9] . The PMSM has a primary requirement of equipment safety and reliability, so faults must be detected and solved in time, and the system should be able to run with fault tolerance [10, 11] . Compared with the traditional three-phase motor, the increase in the phase number of the multi-phase motor improves the redundancy of the system [12] [13] [14] . The core of the fault-tolerant control is an inverter with fault-tolerant capability [15] . At present, most research focuses on the hardware, reduced-order decoupling, and optimal current fault-tolerant strategies.
For hardware fault tolerance, a redundant bridge arm is added based on the original inverter. When a fault occurs, the fault phase is switched to the redundant bridge arm. However, this method increases costs and occupies space [16] [17] [18] [19] . Compared with the hardware fault-tolerant strategy, the reduced-order decoupling and optimal current fault-tolerant strategies can achieve disturbance-free operation without increasing the requirement of hardware resources. For reduced-order decoupling fault-tolerant control, the control structure is reconstructed through the reduced-order decoupling matrix, which usually requires an additional compensation strategy [20, 21] .
For optimal current fault-tolerant control, it is necessary to control the alternating fault-tolerant current reference without changing the decoupling matrix of the motor. A. Tani, et al. in [22] deduced the expression of winding phase current for the fault-tolerant control with minimum copper consumption (MCC) based on the principle of invariant magnetomotive force (MMF) before and after faults; however, this method requires that the motors have odd winding phase numbers, and its application is limited. D. Ting, et al., J. Moon, et al., and A. K. M. Arafat, et al. in [23] [24] [25] have focused on the one-phase fault of the multi-phase motor, and compensated torque by changing the phase angle of the one-phase current; however, this method causes a large torque ripple. G. Feng, et al. in [26] have taken double three-phase permanent magnet synchronous motor as the research object, and the minimum torque ripple and maximum torque output as the target. A genetic algorithm is adopted to optimize the reference value of the remaining phase current under a one phase open-circuit fault. However, they did not consider the real-time performance of a fault tolerance algorithm, and the uniform expression of other healthy phase currents in the case of any phase open-circuit fault are not given. Moreover, the disadvantage of this method is that it involves complex calculations and is difficult to realize. Predictive current control, a method based on the accurate motor model, is also widely used in multi-phase motor systems because of its fast response and the absence of static error and overshoot. Here, because the motor model, prediction model, and objective function change before and after the fault, it needs to be re-modeled, and the implementation is more complex [27] [28] [29] [30] .
In view of the shortcomings of the above methods, this study considers a neutral-isolated 12-phase PMSM as the research object and constructs a fault-tolerant strategy based on normal decoupling transformation. First, the mathematical model of the 12-phase PMSM is established. Second, for the phase open circuit, according to the principle of the invariant MMF, the residual current is reconstructed by the two current optimization methods of maximum torque output (MTO) and MCC, respectively, so that the motor maintains the normal torque output under the fault condition, and a lower torque ripple is obtained. Finally, the system simulation and experimental research are performed, and results verify the accuracy and feasibility of the proposed method.
Mathematical Model of 12-Phase Permanent Magnet Synchronous Motor (PMSM)
This study considers a 12-phase PMSM. Figure 1a shows the topology structure of a 12-phase motor system, and Figure 1b shows a schematic of the stator winding of the 12-phase PMSM, consisting of four sets of Y-connected three-phase windings with neutral-point isolation, which are spaced apart by 15 • . According to the vector space decoupling theory, all the motor variables are mapped to six mutually orthogonal sub-planes of α-β, x 1 -y 1 , x 2 -y 2 , x 3 -y 3 , and o 1 -o 2 , o 3 -o 4 ; the α-β sub-plane participates in electromechanical energy conversion, x 1 -y 1 , x 2 -y 2 , and x 3 -y 3 are harmonic sub-planes, and o 1 -o 2 , and o 3 -o 4 are zero-sequence planes. The coordinate transformation matrix is:
where, T s is a twelve dimensional static transformation matrix; X represents motor variables such as voltage, current, flux linkage, etc.
where, x α , y β are variables mapped to the fundamental sub-plane of α-β; x x1 , x y1 are variables mapped to the harmonic sub-plane of x 1 -y 1 ; x x2 , x y2 are variables mapped to the harmonic sub-plane of x 2 -y 2 ;
x x3 , x y3 are variables mapped to the harmonic sub-plane of x 3 -y 3 ; x o1 , x o2 , x o3 , x o4 are variables mapped to the zero sub-plane of o 1 -o 2 , o 3 -o 4 . where, X A1 , X B1 , etc. are expressed respectively as currents of phase A 1 , phase B 1 , etc.
In view of the shortcomings of the above methods, this study considers a neutral-isolated 12phase PMSM as the research object and constructs a fault-tolerant strategy based on normal decoupling transformation. First, the mathematical model of the 12-phase PMSM is established. Second, for the phase open circuit, according to the principle of the invariant MMF, the residual current is reconstructed by the two current optimization methods of maximum torque output (MTO) and MCC, respectively, so that the motor maintains the normal torque output under the fault condition, and a lower torque ripple is obtained. Finally, the system simulation and experimental research are performed, and results verify the accuracy and feasibility of the proposed method.
This study considers a 12-phase PMSM. Figure 1a shows the topology structure of a 12-phase motor system, and Figure 1b shows a schematic of the stator winding of the 12-phase PMSM, consisting of four sets of Y-connected three-phase windings with neutral-point isolation, which are spaced apart by 15°. According to the vector space decoupling theory, all the motor variables are mapped to six mutually orthogonal sub-planes of α-β, x1-y1, x2-y2, x3-y3, and o1-o2, o3-o4; the α-β subplane participates in electromechanical energy conversion, x1-y1, x2-y2, and x3-y3 are harmonic subplanes, and o1-o2, and o3-o4 are zero-sequence planes. The coordinate transformation matrix is:
where, Ts is a twelve dimensional static transformation matrix; X represents motor variables such as voltage, current, flux linkage, etc. It is only necessary to perform a coordinate transformation on the α-β sub-plane participating in the electromechanical energy conversion through using the transformation matrix:
where, T r is a rotation coordinate transformation matrix, as shown Figure 2 , I 10 is a unit matrix, θ is the rotor electrical angle. The voltage equation is derived from the mathematical model of the motor:
where, R s is the matrix of resistance coefficients. The flux equation is derived from the mathematical model of the motor:
where, L s is the matrix of inductance coefficients, ψ m is the matrix of permanent magnet flux linkage. The torque equation is expressed as:
where, θ m is mechanical angle.
where, ψ m1 is the scalar of fundamental magnitude of the flux linkage, γ s1 is the matrix of flux linkage coefficients. Where, L s , R s , I s , ψ s , and γ s1 are:
Here, ψ m is the matrix of permanent magnet flux linkage, ψ m1 is the scalar of fundamental magnitude of the flux linkage, γ s1 is the matrix of flux linkage coefficients, θ is the rotor electrical angle, I s , and ψ s are the winding phase current and linkage matrix, respectively, and n p is number of the pole pairs. 
Simulation of 12-Phase Fault-Tolerant System
The fault-tolerant 12-phase PMSM control system is simulated through the MATLAB platform. The parameters are as follows: R = 1.4 Ω, Ld = 1.8 mH, Lq = 1.8 mH, ψf = 0.68 Wb, and the number of pole-pairs is 3, and the rated speed is 1000 r·min -1 . The diagram of 12-phase PMSM with fault-tolerant ability is shown in Figure 2 .
. Figure 2 , shows the diagram of switching between normal operation and fault-tolerant operation of 12-phase PMSM. This control system adopts vector control with id = 0, and its system is divided into internal and external loops, which are current loop and speed loop, respectively. Both controllers adopt the PI (Proportional Integral) regulator, and PI controller parameters are turned online in real time. T2r/12s is a block of d-q rotation transformation to 12-phase static coordinates, Ts is a block for transforming 12-phase stationary coordinates to 2-phase stationary coordinates, Tr is a block for 2phase stationary coordinate transformation to d-q rotational coordinates, and the block of PWM generates the control signal of inverter to control the 12-phase motor. 
Fault-Tolerant Control Strategy of 12-Phase PMSM
The fault-tolerant control strategy in this study adopts the same decoupling transformation in the normal and fault-tolerant operation modes of the system, simplifying the implementation of the fault-tolerant control strategy. The open-circuit fault discussed in this paper is an open circuit between the inverter and motor winding, and the motor winding is not damaged. Assuming that an open-circuit Energies 2019, 12, 3462 5 of 17 fault occurs in the A 1 phase, if the decoupling transformation matrix remains unchanged, the voltage equation, flux equation, and torque equation will not be affected. According to the Equation (1), i β , i y1 , i y2 , i y3 , i o2 , i o4 are independent of the A 1 phase current, and i α , i x1 , i x2 , i x3 , i o1 , i o3 need to satisfy the following:
According to Equation (17), in the case of a one-phase open circuit, if the transformation matrix remains unchanged, the currents of the fundamental wave sub-plane and the harmonic sub-plane are no longer decoupled, so if the current of the harmonic sub-plane is continuously made zero, torque ripple will inevitably occur. The control freedom of the α-β sub-plane must be preferentially guaranteed, because the output torque of the motor is determined by the α-β sub-plane. The control freedom of the other sub-planes is related to the specific neutral connection mode. To ensure that the phase current has no direct current (DC) offset, the harmonic current reference can be written as follows:
Here, k n (n = 1,2, . . . , 12) is a coefficient determined by a specific mode and a fault-tolerant control method. Currently, the fault-tolerant control optimization method mainly includes two types: MCC and MTO.
Minimum Copper Consumption (MCC) Fault-Tolerant Mode of 12-Phase PMSM
The stator copper consumption of the 12-phase PMSM with four Y shifts of 15 • can be expressed as:
The output torque is constant during the phase loss operation, i.e., the stator copper consumption corresponding to the α-β sub-plane is fixed, so the optimization condition of the stator MCC can be simplified as follows:
The neutral points of the four sets of windings are isolated, i o1 = i o2 = i o3 = i o4 = 0, and i y1 , i y2 , i y3 are not constrained by the A 1 phase current, so the current reference of i y1 , i y2 , i y3 can be kept at zero when stator MCC is used, i y1 = i y2 = i y3 = 0; it can be written as follows:
By introducing Equation (18) into Equation (20) , where Equation (20) is optimal target of the stator copper consumption, and Equation (21) is the constraint of Equation (20) , the numerical solution of Equation (20) and Equation (21) is obtained by using the minimum value calculation function fmincon in the optimization toolbox of MATLAB, i.e.: Applying Equation (22) to determine the current expressions of remaining phases, we obtain:
Here, I m is the current amplitude under normal operation, and, θ is the rotor electrical angle. This method is suitable in other situations where other phases occur open-circuit. Table 1 lists the amplitude and initial phase of remaining currents when a winding current occurs open circuit. It can be seen from the table that the remaining two-phase current becomes 0.86 times of that under normal operation, and one of the remaining two-phase currents leads the other by 180 • when there is a fault phase in a three-phase winding. Moreover, the amplitude of one phase current in each of the remaining three non-faulty windings is the same as that under normal operation. (23) that the current amplitude of each phase is highly unbalanced in the stator MCC method, so stator MTO cannot be guaranteed in it. If MTO is taken as the optimization objective, the maximum phase current amplitude needs to be reduced as much as possible. Normal motor operation can be maintained as long as the MMFs generated by the residual phase current before and after the motor is out of phase are consistent with each other, because the electromagnetic torque is Energies 2019, 12, 3462 7 of 17 generated by the interaction between the MMF generated by stator winding current and the magnetic field of the permanent magnet.
Fault Phase
According to the invariant principle of total MMF, the stator MMF of a 12-phase PMSM can be expressed as follows:
Here, N is the number of turns per phase winding. Taking the B 1 phase as an example, the winding function is N B1 = 0.5Ncos(ϕ − 120 • ), ϕ is winding space angle, and the winding currents of the 12-phase motor in normal operation are:
Applying Equation (25) in Equation (24), the total MMF of the 12-phase PMSM in normal operation is written as follows:
Taking the open circuit of the A 1 phase as an example, i.e., i A1 = 0, comparing Equations (24) and (26) , to obtain the same resultant MMF, the remaining 10-phase current must satisfy:
The phase currents are expressed as the following:
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According to Equation (28), the amplitude and phase of i x can be determined by optimizing the values of the parameters a x and b x . Applying Equation (28) in Equation (27), we obtain:
In addition to Equation (29) , considering that the 12-phase motor adopts four sets of Y-type connections, the neutral points are isolated from each other, and thus the phase currents must satisfy the following constraints:
The maximum amplitude of phase current should be minimized as far as possible if the MTO is to be taken as the optimization objective, because the MTO cannot be guaranteed by the stator MCC method. Its objective function can be expressed as follows:
The ultimate optimization target is to find a set of solutions that satisfy the minimum residual phase current when the A 1 phase is open-circuit. Equation (29) and Equation (30) is the constraint of Equation (31). It is difficult to solve them using the analytical method. The fminimax function in the MATLAB optimization toolbox can be used to obtain a solution that satisfies the condition, and the current expressions of the remaining phases are obtained as follows:
This method is suitable in other situations where other phases occur open-circuit. Table 2 shows the amplitude and initial phase of remaining currents when a winding current occurs open circuit. It can be seen from the table that the remaining two-phase current becomes 1.24 times of that under normal operation, and one of the remaining two-phase currents leads the other by 180 • when there is a fault phase in a three-phase winding. Moreover, the amplitude of the two-phase currents in each of the non-faulty windings is the same as that of three-phase windings, which occur open-circuit. 
Simulation of 12-Phase Fault-Tolerant System
The fault-tolerant 12-phase PMSM control system is simulated through the MATLAB platform. The parameters are as follows: R = 1.4 Ω, L d = 1.8 mH, L q = 1.8 mH, ψ f = 0.68 Wb, and the number of pole-pairs is 3, and the rated speed is 1000 r·min −1 . The diagram of 12-phase PMSM with fault-tolerant ability is shown in Figure 2 . Figure 2 , shows the diagram of switching between normal operation and fault-tolerant operation of 12-phase PMSM. This control system adopts vector control with i d = 0, and its system is divided into internal and external loops, which are current loop and speed loop, respectively. Both controllers adopt the PI (Proportional Integral) regulator, and PI controller parameters are turned online in real time. T 2r/12s is a block of d-q rotation transformation to 12-phase static coordinates, T s is a block for transforming 12-phase stationary coordinates to 2-phase stationary coordinates, T r is a block for 2-phase stationary coordinate transformation to d-q rotational coordinates, and the block of PWM generates the control signal of inverter to control the 12-phase motor.
Simulation of the Start-Up Process
The motor reference speed, n r , was 1000 r·min −1 , and the load torque, T N , was 4N·m, which suddenly increased to 8 N·m at 0.3 s and reduced to 4 N·m at 0.6 s. Figures 3-5 show the system simulation during the normal and fault-tolerant start-up processes, respectively. i B1 leads i C1 by 120 • , and i B1 leads i B2 by 15 • during the normal operation, corresponding to the theoretical analysis above. While the motor speed can reach the reference rotor speed at 0.15 s, the rotor speed fluctuation was small when the load torque suddenly increased at 0.9 s, and the steady state was reached within 0.1 s, indicating that the system shows good dynamic and static performance. As shown in Figures 4a and 5a , the two fault-tolerant modes are not significantly different from the normal operation mode, indicating that both fault-tolerant strategies show good start-up performance. In addition, the amplification of current in the case of increasing or decreasing load or fault-tolerance are respectively shown in Figure 3b ,c, Figure 4b 
System Simulation of Fault-Tolerant Operation
The reference speed was 1000 r·min -1 , Te is electromagnetic torque, the load torque was 4 N·m, the open-circuit fault of the A1 phase occured at 0.2 s, and the fault-tolerant control strategy was adopted at 0.4 s. Figure 6a and Figure 7a , show the simulation results with the MCC and MTO strategies, respectively. There was no significant rotor speed fluctuation under the two types of faulttolerant control strategies when the motor rotor speed reached the reference rotor speed, but there were changes in the amplitude and phase of the currents. When the MCC fault-tolerant control strategy was adopted, the phase currents were imbalanced, and the amplitude of the maximum phase current was increased to 1.31 times of that under normal operations. When the MTO fault-tolerant control strategy was adopted, compared with the phase current under the MCC control, the amplitude of each phase current decreased, and the maximum phase current amplitude was 1.24 times, and the minimum was 0.71 times of that under normal operation. It can be seen from Figure  6a and Figure 7a that the torque ripple was 21%, the rotor speed fluctuation was 3%, and at 0.4 s, the fault-tolerant control was adopted, and the current, speed, and torque were quickly restored to the steady state. The torque ripple was reduced from 21% to 4%, and the rotor speed fluctuation was reduced from 3% to 0.5%. Moreover, the M and N regions were magnified in Figure 6b 
The reference speed was 1000 r·min −1 , T e is electromagnetic torque, the load torque was 4 N·m, the open-circuit fault of the A 1 phase occured at 0.2 s, and the fault-tolerant control strategy was adopted at 0.4 s. Figures 6a and 7a , show the simulation results with the MCC and MTO strategies, respectively. There was no significant rotor speed fluctuation under the two types of fault-tolerant control strategies when the motor rotor speed reached the reference rotor speed, but there were changes in the amplitude and phase of the currents. When the MCC fault-tolerant control strategy was adopted, the phase currents were imbalanced, and the amplitude of the maximum phase current was increased to 1.31 times of that under normal operations. When the MTO fault-tolerant control strategy was adopted, compared with the phase current under the MCC control, the amplitude of each phase current decreased, and the maximum phase current amplitude was 1.24 times, and the minimum was 0.71 times of that under normal operation. It can be seen from Figures 6a and 7a that the torque ripple was 21%, the rotor speed fluctuation was 3%, and at 0.4 s, the fault-tolerant control was adopted, and the current, speed, and torque were quickly restored to the steady state. The torque ripple was reduced from 21% to 4%, and the rotor speed fluctuation was reduced from 3% to 0.5%. Moreover, the M and N regions were magnified in Figure 6b 
Experiment and Result Analysis
To verify the accuracy and effectiveness of the fault-tolerant control strategy proposed in this study, a 12-phase PMSM was selected for experimental verification, and parameters were kept consistent with simulation parameters. The experiment system platform is shown in Figure 8 . 
To verify the accuracy and effectiveness of the fault-tolerant control strategy proposed in this study, a 12-phase PMSM was selected for experimental verification, and parameters were kept consistent with simulation parameters. The experiment system platform is shown in Figure 8 . The rotor position is detected by a motor's resolver, and when starting, speed adopts open-loop, and the output torque is so large that the motor can realize to speed up rapidly. For convenience, the time instant M was defined as the zero reference point, as shown in Figure 9 . The figure shows the waveforms at the motor start for normal operation and one-phase open-circuit fault-tolerant operation; the rotor speed reached the reference speed within 0.15 s. There was no significant difference between the rotor speed in the normal and fault-tolerant operation modes, indicating that the fault-tolerant control strategy has good dynamic response capability. 
To verify the accuracy and effectiveness of the fault-tolerant control strategy proposed in this study, a 12-phase PMSM was selected for experimental verification, and parameters were kept consistent with simulation parameters. The experiment system platform is shown in Figure 8 . The motor reference rotor speed, nr, was 1000 r·min -1 , the load torque, TN, was 4 N·m, the opencircuit fault of the A1 phase occured at 0.2 s of N, and after 0.12 s, the fault-tolerant control strategy was adopted. The experimental results of the online switching process from normal to fault to faulttolerant operation are shown in Figure 10 . When open-circuit fault occured in the A1 phase, the residual phase current was distorted, and the speed fluctuation was 3%. When the fault-tolerant control was adopted at 0.32 s, the speed fluctuation was reduced from 3% to 0.5%, the phase current and rotor speed quickly restored to the steady state, and the amplitude and phase of the current were consistent with the simulation results. 
Conclusion
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In this study, the mathematical model of 12-phase permanent magnet synchronous motor is established in a static coordinate system, and the model is simplified according to the constraint condition of neutral-point isolation. At the same time, according to the principle of constant MMF under normal and fault conditions, a current control strategy with MCC and MTO as optimization targets is proposed. Both approaches have their own advantages, the motor winding loss is minimized when we adopted MCC under fault conditions. The amplitude of currents is too seriously unbalanced to guarantee the maximum torque output, however, the highest amplitude of the currents of MCC is smaller than that of MTO. Besides, the amplitude of the currents is almost the 
Conclusions
In this study, the mathematical model of 12-phase permanent magnet synchronous motor is established in a static coordinate system, and the model is simplified according to the constraint condition of neutral-point isolation. At the same time, according to the principle of constant MMF under normal and fault conditions, a current control strategy with MCC and MTO as optimization targets is proposed. Both approaches have their own advantages, the motor winding loss is minimized when we adopted MCC under fault conditions. The amplitude of currents is too seriously unbalanced to guarantee the maximum torque output, however, the highest amplitude of the currents of MCC is smaller than that of MTO. Besides, the amplitude of the currents is almost the same, and the torque balance of each phase can be guaranteed when we adopted MTO under fault conditions. We adopt minimum and minimax function in the MATLAB to simplify constraint conditions, such as fault location, stator winding connection mode and control target, etc., and the global closed-loop solution of the residual phase current is carried out. In addition, the optimal residual reference current in the case of any phase open-circuit is given in this study, and the numerical solution of any phase current under fault conditions can be directly obtained by Tables 1 and 2 , which is simple and easy to operate, and ensure real-time performance and seamless switching between normal operation and fault-tolerant operation. Finally, the system simulation and experimental research are carried out. The results show that the control strategy proposed in this research can ensure the motor has good dynamic performance in normal operation and fault operation, and realize smooth switching between normal operation and fault operation. The above results verify the correctness and feasibility of the control method.
